Possessing a variety of remarkable optical, electronic, and mechanical properties, graphene has emerged as an attractive material for a myriad of optoelectronic applications. The wonderful optical properties of graphene afford multiple functions of graphene based polarizers, modulators, transistors, and photodetectors. So far, the main focus has been on graphene based photonics and optoelectronics devices. Due to the linear band structure allowing interband optical transitions at all photon energies, graphene has remarkably large third-order optical susceptibility (3) , which is only weakly dependent on the wavelength in the nearinfrared frequency range. The graphene-assisted four-wave mixing (FWM) based wavelength conversions have been experimentally demonstrated. So, we believe that the potential applications of graphene also lie in nonlinear optical signal processing, where the combination of its unique large (3) nonlinearities and dispersionless over the wavelength can be fully exploited. In this review article, we give a brief overview of our recent progress in graphene-assisted nonlinear optical device and their applications, including degenerate FWM based wavelength conversion of quadrature phase-shift keying (QPSK) signal, phase conjugated wavelength conversion by degenerate FWM and transparent wavelength conversion by nondegenerate FWM, two-input and three-input highbase optical computing, and high-speed gate-tunable terahertz coherent perfect absorption (CPA) using a split-ring graphene.
Introduction
Graphene, a monolayer of carbon atoms arranged in a twodimensional honeycomb lattice, is the building block of the familiar graphite. In 2004 [1] , a research team based in Manchester successfully isolated graphene by mechanical exfoliation. Since then, many extraordinary properties have been reported, such as extremely high charge-carrier mobility 200,000 cm 2 V −1 s −1 . Graphene possesses linear, massless band structure ± ( ) = ± | |, where the upper (lower) sign corresponds to the electron (hole) band, is the quasimomentum, and ≈ 10 6 m/s is the Fermi velocity. The high mobility of charge carriers and zero bandgap of graphene can be employed as an ideal medium for high-frequency applications, such as radio-frequency switches [2] .
The photonic properties of graphene are equally remarkable. On one hand, many breakthroughs in researches on graphene, including ultrafast photodetectors [3] , broadband polarizers [4] , and modulators [5] , stem from its unique band structure. The graphene electroabsorption modulator [5] is based on interband transitions which can be tuned by applying drive voltage, correspondingly changing the Fermi energy ( ) of graphene. Here, it has to be emphasized that at short wavelengths range (i.e., infrared and visible), the graphene optical absorptions are determined by interband transitions, whereas, at long wavelengths range (i.e., terahertz), they are dominated by intraband transitions. In the mid-to farinfrared and THz ranges, graphene exhibits a strong plasmonic response. Doped and patterned graphene can support localized plasmonic resonances which significantly enhance the absorption [6] . On the other hand, the interband optical absorption in zero-gap graphene could be saturated readily from the visible to near-infrared region under strong excitation due to Pauli blocking [7] . Graphene could behave as a fast saturable absorber over a wide spectral range for the mode locking of fiber lasers. Since 2009, graphene based mode-locked lasers have been applied to a wide variety of laser configurations and operational wavelengths [7] [8] [9] [10] [11] . Graphene has been suggested as a material that might have large (3) nonlinearities, which is also due to its linear band structure allowing interband optical transitions at all photon energies. Reports in literature [12] indicate that the nonlinear response of graphene is essentially dispersionless over the wavelength and much stronger compared to bulk semiconductors. Zhang and coworkers have experimentally demonstrated the nonlinear refractive index of graphene to be as high as 2 ≈ 10 −7 cm 2 W −1 [13] by using Z-scan technique. After that, optical bistability, self-induced regenerative oscillations, and FWM have been consecutively observed in graphene-silicon hybrid optoelectronic devices [14] . FWM has also been demonstrated in graphene in various configurations, for example, slow-light graphene-silicon photonic crystal waveguide [15] , graphene optically deposited onto fiber ferrules [16] , and graphene-coated microfiber [17, 18] . Moreover, FWM based wavelength conversion of a 10-Gb/s non-return-to-zero (NRZ) signal with mechanically exfoliated graphene was first reported in [19] . Advanced optical modulation formats play an important role in enabling highcapacity optical transport networks [20] where wavelength conversion function is highly desired.
In this review article, we go over our recent progress in graphene-assisted nonlinear optical device and their applications, including degenerate FWM based tunable wavelength conversion of QPSK signal [23] , phase conjugated wavelength conversion by degenerate FWM and transparent wavelength conversion by nondegenerate FWM, two-input optical highbase hybrid doubling and subtraction functions [24] , threeinput high-base optical computing, and high-speed gatetunable terahertz coherent perfect absorption using a splitring graphene [25] .
Optical Properties of Graphene [26-28]
The primary mechanism of optical absorption in graphene involves two processes: carrier intraband transitions and interband transitions. For short wavelengths (i.e., infrared and visible range), the graphene optical absorption is determined by interband transitions, whereas for long wavelengths (i.e., terahertz range) it is dominated by intraband transitions. Figure 1 pictorially depicts the basic mechanisms. Interband transitions refer to an exchange of charge carriers between the conduction and valence bands; the energy of a photon ℏ should be satisfying the relationship ℏ ≥ 2 as shown in Figure 1 (a). In n-doped graphene, an optical photon (ℏ 2 ) with energy less than 2 cannot be absorbed because the electron states in resonance in the conduction band are occupied. In p-doped graphene, an optical photon (ℏ 2 ) with energy less than 2 cannot be absorbed because there are no electrons available for the interband transition. For the low frequency THz range (ℏ ≤ 2 ), the intraband absorption mechanism is shown in Figure 1 (b). And graphene behaves like a conductive film, and its optical conductivity closely follows its electrical conductivity, which can be described by a simple Drude model.
For the optical conductivity of graphene, an analytic expression derived within the random phase approximation [29] is used, which is
where 0 = 2 /4ℏ is the universal conductivity of graphene ( is the charge of an electron and ℏ is the reduced Planck constant), th = is thermal energy in eV ( is the Boltzmann constant and is the temperature), is the Fermi energy (i.e., chemical potential ) of graphene in eV, ph = ℎ / is photon energy in eV (ℎ is the Planck constant), and = ℏ/ is scattering energy in eV for the scattering time .
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where Δ = 0.7 nm is a thickness of the graphene layer and 0 is the permittivity of vacuum. The dielectric constant of graphene is calculated as a function of the chemical potential for a wavelength of = 1550 nm, = 300 K, = 1550 nm, and = 0.1 ps, as shown in Figure 2 .
Due to the linear band structure of graphene allowing interband optical transitions at all photon energies, graphene has been suggested as a material that might have large (3) nonlinearities. In [12] the principle of graphene based degenerate FWM is proposed. Two continuous-wave (CW) pumps with frequencies 1 and 2 are combined together in graphene based device with high third-order nonlinearity ( (3) ) and mixed together to generate a new coherent beam with frequency con (converted idler), as depicted in Figure 3 .
In the near and far-IR and terahertz ranges (0.1-10 THz), doped graphene has recently emerged as a powerful plasmonic material [6, 27, 30] . Additionally, graphene offers the unique capability of plasmon tunability which can be realized by gated injection of charge carriers. As mentioned above, in terahertz range, the intraband optical transitions dominate. Based on random phase approximation [31] [32] [33] , the complex conductivity of graphene can be described by the Drude model as ( ) = Monolayer graphene was grown by the chemical vapor deposition (CVD) method [34] . Graphene was primarily grown on Cu foils (25-m thick with a purity of >99.99 wt% obtained from Alfa Aesar) in a hot wall furnace. The growth process can be briefly summarized as follows: (1) load the fused silica tube with the Cu foil, evacuate, backfill with hydrogen, heat to 1050 ∘ C, and maintain a H 2 (g) pressure of 42 mTorr under a 2.5 sccm flow; (2) stabilize the Cu film at the desired temperature, up to 1050 ∘ C, and introduce 40 sccm of CH 4 (g) for a desired period of time at a total pressure of 450 mTorr; (3) after exposure to CH 4 , cool the furnace to room temperature. Then, poly(methyl methacrylate) (PMMA) film was spin coated on the surface of the graphenedeposited Cu foil and the Cu foil was etched away with 1 M FeCl 3 solution. The resultant PMMA/graphene film (5 mm × 5 mm) was washed in deionized water several times and transferred to deionized water solution or Si/SiO 2 substrate. Then, the floating PMMA/graphene sheet was mechanically transferred onto the fiber pigtail cross section and dried in a cabinet. After drying at room temperature for about 24 hours, the carbon atoms could be self-assembled onto the fiber endfacet thanks to the strong viscosity of graphene. The PMMA layer was finally removed by boiling acetone. By connecting this graphene-on-fiber component with another clean and dry FC/PC fiber connector, the nonlinear optical device was thereby constructed for FWM based wavelength conversion applications ( Figure 4) .
Optical image was taken with an optical microscope (Olympus DX51), and Raman spectroscopy was performed with a laser micro-Raman spectrometer (Renishaw inVia, 532 nm excitation wavelength). Scanning electron microscopy (SEM) images were obtained by Hitachi-S4800. The optical microscope (OM) image of the grown graphene film transferred on a 300 nm SiO 2 /Si substrate was depicted in Figure 5 (a). The grown graphene sheet was also transferred on silicon-on-insulator (SOI) for SEM characterization as shown in Figure 5 [34] . The low D to G peak intensity ratio ∼0.08 indicates that the graphene formed on a SiO 2 /Si substrate was almost defect-free [35, 36] . Figure 6 shows the experimental setup for degenerate FWM based wavelength conversion using a single-layer graphene grown by the CVD method. The CW output from an external cavity laser (ECL1) serves as the signal light for the degenerate FWM and is modulated with QPSK signal at 10 Gbaud by a single-polarization optical / modulator. An arbitrary waveform generator (AWG) running at 10 GS/s sampling rate is used to produce the electrical signal. The modulated 10-Gbaud QPSK signal is then amplified by an erbium-doped optical fiber amplifier (EDFA) followed by a thin film filter to suppress the amplified spontaneous emission (ASE) noise. Afterwards, the 10-Gbaud QPSK signal is combined with another CW light from ECL2 which serves as the pump light through a 3 dB coupler, amplified using a high-power EDFA (HP-EDFA), and launched into the singlelayer graphene sample. The polarization states of the CW pump and QPSK signal are adjusted to achieve optimized conversion efficiency of degenerate FWM in graphene. The amplified CW pump and QPSK signal take part in the degenerate FWM process when passing through the single-layer graphene sample and a newly converted idler is generated. After the FWM wavelength conversion, the converted idler is selected using two tunable filters (TF1, TF2) for coherent detection. First, the converted idler is selected using TF1. Since the power level of the converted idler is relatively low, the selected converted idler is amplified by EDFA2. Second, in order to suppress the amplified spontaneous emission (ASE) noise originated from EDFA2, another TF2 is employed. Hence, TF1 is used to select the converted idler, and TF2 is used to suppress the ASE noise. The CW output from ECL3 serves as a reference light for coherent detection. A variable optical attenuator (VOA) and a low noise EDFA (EDFA3) are employed to adjust the received signal-to-noise ratio (OSNR) for bit-error rate (BER) measurements. The optical spectra at different taps in the experimental setup are monitored by use of an optical spectrum analyzer (OSA).
In the experiment, the signal wavelength is fixed at 1550.12 nm. Variable converted idler wavelength can be achieved simply by tuning the pump wavelength. Figure 7 (a) shows a typical output FWM spectrum obtained after the CVD single-layer graphene-coated fiber device. A newly converted idler at 1546.88 nm is generated when the pump is tuned at 1548.49 nm. We also measure the output spectrum without graphene for reference under the same experimental conditions. Moreover, we repeat the experiment by adding extra 2 m and 5 m single-mode fibers in the setup and get almost the same experimental results. As clearly shown in the inset of Figure 7 (a), the power of converted idler without graphene is observed to be ∼5.5 dB lower than the one with graphene. That is, under the same experimental conditions, the converted idler without graphene is ∼71.9% lower than the one with graphene. Hence, the degenerate FWM in graphene contributes more to the wavelength conversion process. The insets of Figure 7 (a) also depict measured QPSK constellations of the converted idler and the input signal. The background noise on the weak converted idler mainly causes the performance deterioration of the converted idler.
We define the conversion efficiency as the power ratio of converted idler to signal. We present a detailed comparison of the FWM conversion efficiency as a function of the pump power with and without graphene. As shown in Figure 7 (b), the pump wavelength is fixed at pump = 1548.49 nm and the signal is signal = 1550.12 nm. One can clearly see that the conversion efficiency increases with the pump power. When the pump power varies from 23 dBm to 33 dBm, the enhanced FWM conversion efficiency by graphene changes from 4.7 dB to 7.5 dB. In particular, the conversion efficiency curve in Figure 7 (b) seems to follow a 2 : 1 ratio for the conversion efficiency versus pump at relatively high pump power above 25 dBm, while going subquadratic at relatively lower pump power. Such interesting phenomenon might be ascribed to the saturable absorption effect of graphene. At lower pump power, the absorption by graphene limits the conversion efficiency, resulting in the subquadratic relationship between conversion efficiency and pump power. In contrast, at higher pump power, the absorption by graphene is saturable, and therefore the pump power dependent conversion efficiency follows a quadratic relationship which is in accordance with the theory of nonlinear coupled-mode equations under slowly varying envelope approximation and pump nondepletion approximation.
To characterize the performance of QPSK wavelength conversion, we further measure the BER curve as a function Figure 8 , the observed OSNR penalty is around 1 dB at a BER of 1 × 10 −3 (7% forward error correction (FEC) threshold) for QPSK wavelength conversion with the converted idler at 1546.88 nm. The received OSNR penalties of ∼2.2 dB at a BER of 1 × 10
are observed for converted idlers at 1539.92 and 1557.90 nm.
The increased OSNR penalty is mainly due to the reduced conversion efficiency for converted idlers at 1539.92 and 1557.90 nm. The right insets of Figure 8 depict corresponding constellations of the B-to-B signals and converted idlers. The OSNR penalty is believed to be originated from the relatively low conversion efficiency (<−35 dB), which can be ascribed to the very limited interaction between the singlelayer graphene and the propagating light only at the end face of optical fiber. With further improvement, one might enhance the conversion efficiency by mechanically transferring graphene sample grown by CVD method onto the Dshaped fiber or microfiber to ensure more direct graphenelight interaction.
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Phase Conjugated and Transparent Wavelength Conversions of Nyquist 16-QAM Signals
In this work, we show an experimental observation of degenerate/nondegenerate FWM based wavelength conversion of a 5-Gbaud Nyquist 16-ary quadrature amplitude modulation (16-QAM) signal, as Nyquist pulse shaping signals have been widely used in wavelength-division multiplexing (WDM) systems. Moreover, Nyquist WDM technology can transmit a number of different wavelength channels in a single fiber and exhibit higher spectrum efficiency in contrast with conventional WDM. For the wavelength conversion based on degenerate FWM process as shown in Figure 9 (a), the electric field of the newly converted idler meets the relationship of idler ∝ 2 pump * signal , where idler , pump , and signal represent the complex electric fields of newly converted idler, input pump, and input signal, respectively. " * " denotes the complex conjugate of the electric field. Hence, the newly converted idler does not take the same data information carried by the original signal but its "phase conjugated" copy. For the wavelength conversion based on nondegenerate FWM process as shown in Figure 9 (b), the electric field of the newly converted idler satisfies the relationship of idler ∝ pump1 signal * pump2 , where pump1 and pump2 represent the complex electric fields of two input pumps. Therefore, the newly converted idler copies exactly the same data information carried by the original signal, that is, fully transparent wavelength conversion.
In order to verify the phase conjugated wavelength conversion by degenerate FWM and transparent wavelength conversion by nondegenerate FWM, we measure, record, and compare the typical time-varying symbol sequence of newly converted idlers by degenerate/nondegenerate FWM and original signal (B-to-B), as shown in Figure 10 . One can clearly see from Figure 10 that the newly converted idler by degenerate FWM flips its constellation points in the complex / plane with respect to the -axis, corresponding to the phase conjugation of original Nyquist 16-QAM signal. In contrast, the newly converted idler by nondegenerate FWM duplicates the constellation of the original signal, corresponding to the transparent wavelength conversion of original Nyquist 16-QAM signal. Figure 11 illustrates the concept and principle of two-input hybrid quaternary arithmetic functions. From the constellation in the complex plane (Figure 11 to represent quaternary base numbers (0, 1, 2, 3). To implement two-input hybrid quaternary arithmetic functions, the aforementioned graphene-assisted nonlinear optical device is employed. Two-input quaternary numbers ( , ) are coupled into the nonlinear device; then two converted idlers (idler 1, idler 2) are simultaneously generated by two degenerate FWM processes. Figure 9 (b) illustrates the degenerate FWM process. We derive the electrical field ( ) and optical phase ( ) relationships of two degenerate FWM processes under the pump nondepletion approximation expressed as
Two-Input Optical High-Base Hybrid Doubling and Subtraction Functions [24]
where the subscripts , , 1, and 2 denote input signal , signal , converted idler 1, and idler 2, respectively. Owing to the phase wrap characteristic with a periodicity of 2 , it is implied from the linear phase relationships in (3) that idler 1 and idler 2 carry out modulo 4 operations of hybrid quaternary arithmetic functions of doubling and subtraction (2 − , 2 − ). idlers, one can confirm the successful implementation of twoinput hybrid quaternary arithmetic functions of 2 − and 2 − .
We further investigate the BER performance for the proposed optical two-input hybrid quaternary arithmetic functions. The observed OSNR penalties at a BER of 2 × 10
for hybrid quaternary arithmetic functions are measured to be about 7.4 dB for 2 − and 7.0 dB for 2 − . The insets in Figure 14(a) show constellations of the last point of the BER curves of output Sig. and 2 − . The constellation of Sig.
is measured under an OSNR of 12.6 dB, while the constellation of 2 − is observed under an OSNR of 19.6 dB. To clearly show the differences between these two constellations, we also assess the error vector magnitude (EVM) of these two constellations; that is, EVM = 27.61% for output Sig. and EVM = 30.09% for output 2 − . The significant performance degradations for the two-input hybrid quaternary arithmetic functions (2 − , 2 − ) might be ascribed to the relatively low conversion efficiency for two converted idlers at 1546.60 nm and 1557.20 nm and Journal of Nanotechnology accumulated distortions transferred from two-input signals ( , ). The main factors influencing the conversion efficiency can be briefly explained as follows. (1) In the experiment, only single-layer graphene is coated on the optical fiber pigtail cross section. So the weak light-graphene interaction could decrease the conversion efficiency [23] . With future improvement, one might improve the conversion efficiency by mechanically transferring graphene sample onto the Dshaped fiber or microfiber to enhance the graphene-light interaction [17] . (2) The quality of graphene may also influence the conversion efficiency. Ideal graphene has unique dispersionlessness, broadband structure and strong third-order nonlinearity [12] . However, practically fabricated graphene is not perfect and any imperfections during the fabrication of graphene can break the band structure and degrades thirdorder nonlinearity. Thus the limited fabrication quality of the single-layer graphene employed in the experiment might also influence the conversion efficiency. (3) Previous work has demonstrated that the nonlinear response is also sensitive to the number of graphene layers [12] . It is expected that for a few graphene layers the nonlinearity increases in proportion to the number of layers. So it is possible to further enhance the conversion efficiency by appropriately increasing the number of graphene layers employed in the experiment. Figure 14 (b) depicts the BER performance as a function of the relative time offset between two signals (signal offset) under an OSNR of ∼20 dB. It is found that the BER is kept below enhanced forward error correction (EFEC) threshold when the signal offset/symbol time is within 15 ps, which indicates a favorable tolerance to the signal offset.
Three-Input High-Base Optical Computing
We also propose an approach to performing three-input optical addition and subtraction of quaternary base numbers using multiple nondegenerate FWM processes based on graphene-coated fiber device. Figure 15 illustrates the concept and working principle of the proposed graphene-assisted three-input high-base optical computing, that is, optical addition and subtraction of quaternary base numbers. From the constellations in the complex plane (i.e., / plane), it is clear that we can use four-phase levels ( /4, 3 /4, 5 /4, and 7 /4) of (D)QPSK to represent quaternary base numbers (0, 1, 2, and 3). To implement three-input optical quaternary addition and subtraction, a single nonlinear device (e.g., graphene-coated optical fiber) is employed. Three-input (D)QPSK signals ( , , and ) are launched into the nonlinear device, in which three converted idlers (idler 1, idler 2, and idler 3) are simultaneously generated by three nondegenerate FWM processes. To better understand the working principle, we derive the electrical field ( ) and optical phase (Ψ) relationships of three nondegenerate FWM processes under the no-depletion approximation expressed as 
where the subscripts , , , 1, 2, and 3 denote input signal , signal , signal , output idler 1, idler 2, and idler 3, respectively. Considering the phase wrap characteristic with a period of 2 , the linear phase relationships in (4b), (5b), and (6b) imply that three converted idlers 1∼3 correspond to modulo 4 operations of quaternary hybrid addition and subtraction of + − , + − , and + − , respectively. In the experiment, the wavelengths of three-input signals , , and are fixed at 1548.52, 1550.12, and 1552.52 nm, respectively. Figure 16 depicts measured typical optical spectrum obtained after the single-layer graphene-coated fiber device. One can clearly see that three converted idlers are generated by three nondegenerate FWM processes with idler 1 at 1546.13 nm ( + − ), idler 2 at 1550.92 nm ( + − ), and idler 3 at 1554.13 nm ( + − ), respectively. The power of HP-EDFA is estimated to be 31 dBm. The conversion efficiencies of three nondegenerate FWM processes are measured to be larger than −34 dB.
High-Speed Gate-Tunable Terahertz Coherent Perfect Absorption [25]
We present novel graphene split-ring metamaterials, which display a strong plasmonic resonance in the terahertz regime. First, by controlling the relative phase of the two coherent beams incident on the graphene film, we are able to change the absorption of graphene. Second, by introducing a proper chemical potential of graphene which can be controlled by means of applying a driven voltage, we can achieve gatetunable terahertz CPA. Finally, we analyze the tuning range of center frequency and the response time by using a resistorcapacitor (RC) circuit model. In the principle of CPA [37] , manipulating either the phase or intensity of beam B modulates the transmitted intensity of beam A. The coherent absorption can be tuned by changing the relative phase of two beams, which has recently been reported in nanostructured graphene film [38] , nonresonant suspending monolayer graphene [39] , unstructured multilayer graphene films [40] , and planar metamaterials [37] . To optimize the modulation efficiency, the graphene film should absorb half of the energy of a single beam passing through it, which can be realized based on the split-ring resonator structure. Figure 17 shows the 2D and 3D structures of the proposed split-ring graphene film for CPA. For splitring graphene film with symmetric two-side (air, air) conditions (Case 1), as illustrated in Figure 17(a) , the interference of two counterpropagating incident beams A and B (relative intensity A / B = 1) on such a film is described by two special cases. When the phase difference A − B = 0, the CPA occurs. So the graphene reaches the maximum absorption. When the phase difference A − B = , beam A and beam B pass though one another without mutual disturbance. For split-ring graphene film with asymmetric two-side (air, SiO 2 ) conditions (Case 2), gate-tunable CPA is illustrated in Figure 17 (b) which is based on the electroabsorption effect of graphene. By electrically tuning the Fermi level of the graphene sheet, corresponding to chemical potential 1 , the absorption of split-ring graphene reaches the maximum limit ∼50% for single incident beam. In this situation, when two coherent beams with equal intensities and phases are incident on the graphene from opposite sides, they will interfere with each other, leading to coherent absorption. When the chemical potential of graphene is changed to 2 , the absorption of split-ring graphene is tuned to be weak. So, beam A and beam B pass though one another nearly without loss. Hence, gate-tunable CPA is achievable. The geometric parameters of the patterned split-ring graphene are shown in Figure 17 (c). The period is = 20 m and the radii of inner and outer circle are 1 = 5 m and 2 = 8 m, respectively. The gap aperture of the split-ring is = 2 m.
We first study the CPA of Case 1 (Figure 17(a) ). The CPA is enabled by 50% absorption of single beam and equal intensities and phases of two counterpropagating coherent beams. The chemical potential (Fermi energy) = 0.3 eV and relaxation time = 0.5 ps are initially considered. The transmission ( ), reflection ( ), and absorption ( ) of a split-ring graphene patterned with periodical array are plotted in Figure 18(a) . When a single beam is illuminated on the patterned split-ring graphene film at normal incidence, one can see an obvious resonance around 2.91 THz. The strong resonance behaviors are expected to be electric dipolar mode. The excitation of electric dipolar mode results in the enhancement of absorption in the graphene sheet with a maximum of = 49.92% while the other parts of the incident beam energy are reflected or transmitted. As shown in Figure 18 (b), when two coherent beams with equal intensities and phases are incident on the graphene from opposite sides, they will interfere with each other, leading to coherent absorption of 99.69%. We then study the gate-tunable CPA of Case 2 (Figure 17(b) ). The gate-tunable operation relies on the electroabsorption effect of graphene. We consider the same splitring graphene film on a SiO 2 substrate with a refractive index of = 1.45, as shown in Figure 17 With the increase of the graphene chemical potential, it shows a blue shift of the resonance peak frequency. When the chemical potential of graphene is tuned to = 0.35 eV, the absorption at 2.71 THz can still reach 95.6%. As the Fermi level of graphene can be electrically tuned, one can flexibly control the total absorption of the split-ring graphene. The split-ring graphene possesses the minimum absorption when the chemical potential is = 0 eV, as shown in Figure 21(b) . For the center frequency at 2.5 THz, the maximum and minimum absorption are 97.5% ( = 2.9 eV) and Journal of Nanotechnology [41] is the Fermi velocity, 0 is the voltage offset caused by the natural doping, and stands for the applied voltage. = 0 die / is estimated by using a parallel-plate capacitor, where die , , and represent the permittivity of the dielectric inside the capacitor, the distance between the capacitor plates, and the charge of an electron, respectively. Figure 22 shows the driven voltage versus the chemical potential of graphene. From the obtained results shown in Figures 20-22 , one can see that gate-tunable CPA operation is achievable. By changing the driven voltage applied to graphene, it is possible to switch the absorption between 1.25% (0.8 V) and 95.7% (1.98 V) at 2.5 THz, implying a THz wave modulator. Meanwhile, center frequency tunable CPA is also achievable (Figure 21(a) ).
The graphene-assisted device may possess fast response time (RT). With a carrier mobility exceeding 1,000,000 cm −2 V −1 s −1 at room temperature [42] and high saturation velocity of graphene, the operation speed of the device is not likely limited by the carrier transition time but of the circuit, where and are the total series resistance and capacitance of the device, respectively. In the designed device, the total series resistance is calculated by adding the Ohmic resistances of graphene layer as well as the resistance of the metal contacts to the graphene layer; the former can be reduced to ∼125 Ω/sq by highly doped regions, while the latter is several ohms [43] . We calculate the RT by the constant of the device. The capacitance of the device can be calculated as = 0 gra / , where 0 , , gra , and represent the permittivity of vacuum, the permittivity of the dielectric inside the capacitor, the area of graphene, the distance between the capacitor plates, and the charge of an electron, respectively. The capacitance of the structure is calculated to be = 1. 
Discussions and Conclusions
Looking back on the previous works of graphene-assisted nonlinear optical signal processing, Hendry and coworkers experimentally demonstrated the graphene based FWM for the first time in [12] . They also indicated that graphene might have large (3) nonlinearity due to its linear band structure allowing interband optical transitions at all photon energies. After that, FWM was also observed in graphenesilicon hybrid optoelectronic devices [14] and graphenecoated microfiber [17, 18] . Moreover, FWM based wavelength conversion of a 10-Gb/s NRZ signal with mechanically exfoliated graphene was first reported in [19] .
In this paper, we have reviewed our recent progress in graphene-assisted nonlinear optical device and their applications, including degenerate FWM based tunable wavelength conversion of QPSK signal, phase conjugated wavelength conversion by degenerate FWM and transparent wavelength conversion by nondegenerate FWM, two-input optical highbase hybrid doubling and subtraction functions, three-input high-base optical computing, and high-speed gate-tunable terahertz coherent perfect absorption using a split-ring graphene.
For FWM based tunable wavelength conversion of QPSK signal, the total effective nonlinear Kerr coefficient of graphene-assisted nonlinear optical device is actually the combined contributions from the graphene and the device material (e.g., silica in graphene-coated fiber). It has to be emphasized that spectrally efficient advanced modulation formats have been widely used in optical fiber transmission systems. The advanced optical modulation formats play an important role in enabling high-capacity optical transport networks where wavelength conversion function is highly desired. Therefore, exploring wavelength conversion of advanced modulation formats based on FWM in graphene is very interesting and meaningful.
For phase conjugated and transparent wavelength conversions, the Nyquist 16-QAM signal is employed. Additionally, we demonstrated that, for the wavelength conversion based on degenerate FWM process, the newly converted idler does not take the same data information carried by the original signal but its "phase conjugated" copy, while for nondegenerate FWM process the newly converted idler copies exactly the same data information carried by the original signal, that is, fully transparent wavelength conversion.
For graphene-assisted optical computing (two-input and three-input), the innovative schemes to achieve hybrid quaternary arithmetic functions of doubling and subtraction using optical nonlinearities in graphene and (D)QPSK signals are presented. By exploiting degenerate FWM in graphene, we experimentally demonstrate 10-Gbaud quaternary arithmetic functions of 2 − and 2 − . The power penalties of converted idlers at a BER of 2 × 10 −3 are measured to be about 7.4 dB for 2 − and 7.0 dB for 2 − . By exploiting nondegenerate FWM in graphene, we demonstrate 10-Gbaud three-input hybrid addition and subtraction of quaternary base numbers ( + − , + − , and + − ). With future improvement, graphene-assisted nonlinear optical devices might be employed to facilitate more optical signal processing applications.
For high-speed gate-tunable terahertz CPA using a splitring graphene, the designed structure has benefits of tunable center frequency, ultrafast response time, small footprints, ease of fabrication, and compatibility with standard complementary metal-oxide semiconductor (CMOS) processing [45, 46] . With future improvement, the proposed high-speed gate-tunable CPA using split-ring graphene may find interesting applications in modulators, detectors, and sensors.
Actually, there are different platforms for nonlinear optical signal processing, for example, silica in fiber, silicon, and graphene. Table 1 summarizes a brief comparison among silica in fiber, silicon, and graphene. The Kerr coefficients of silica in fiber, silicon, and graphene are ∼10 −20 m 2 /W, ∼10 −18 m 2 /W, and ∼10 −11 m 2 /W, respectively. Nonlinear optical signal processing based on silica in fiber has lower power loss. Although silica in fiber is compatible with optical fiber transmission systems, its third-order nonlinearity is lower and the desired fiber is longer (i.e., larger footprint). Silicon has higher (3) nonlinearity and the compactness of silicon photonic device is suitable for chip-scale optical signal processing functions. However, silicon photonic device is not compatible with optical fiber transmission systems. In contrast, graphene has even larger (3) nonlinearity and the fabricated graphene-assisted nonlinear optical fiber device with the graphene placed within the connector of two fibers is fully compatible with existing optical fiber transmission systems. The (3) nonlinearity of graphene is several orders of magnitude larger than silica in fiber and silicon, which is due to the unique linear band structure of -electrons [12, 47, 48] . The graphene-assisted nonlinear optical fiber device is compact. The combined effective nonlinearity of graphene-assisted nonlinear optical fiber device is increased and the graphene enhances the FWM process. However, the measured conversion efficiency of graphene-assisted nonlinear optical fiber device in the experiment is ∼33 dB, which is lower than highly nonlinear fiber. It is noted that practically fabricated graphene is not perfect and any imperfections during the fabrication of graphene can break the band structure and degrades the dispersionlessness and (3) nonlinearity properties. Additionally, FWM response (conversion efficiency) is also dependent on the number of graphene layers. Previous work demonstrated that the nonlinear response was sensitive to the number of graphene layers [12] . It is expected that for a few graphene layers the nonlinearity increases in proportion to the number of layers, suggesting the tremendous potential of graphene as a platform for efficient nonlinear optical signal processing. In this scenario, it is possible to further enhance the FWM response by appropriately increasing the number of graphene layers employed in the experiment.
